Objectives-Characterisation of the airborne concentration of 13 polycyclic aromatic hydrocarbons (PAHs) at various workplaces in a graphite electrode and a coke production plant. Validation of the urinary excretion of 1-hydroxypyrene (hydroxypyrene) as a biological marker of exposure to PAH.
thalene and perylene, the relative proportion of the different PAHs did not differ between the plants. Pyrene concentration in air was highly correlated with the total airborne PAH concentration (r = 0-83, p < 0-0001) and the correlation coefficients between hydroxypyrene concentration in postshift urine samples and pyrene or total PAHs in air were 0-67 (p < 00001) and 0-72 (p < 00001) respectively. Excretion of hydroxypyrene doubled when the exposure to pyrene in air increased 10-fold. The half life for the urinary excretion of hydroxypyrene was around 18 hours (95% confidence interval 16-1-19-8) . Smoking habits only explained 2-3% of the variance in hydroxypyrene excretion compared with 45% for the pyrene concentration in air.
Conclusion-The determination of the urinary excretion of hydroxypyrene in postshift urine samples can be used as a suitable biomarker to assess individual exposure to PAHs in coke ovens and in graphite electrode manufacturing plants. (British Journal of Industrial Medicine 1992; 49:761-768) Polynuclear aromatic hydrocarbons (PAHs) are generated when natural or synthetic organic materials are burnt in the presence of a suboptimal oxygen supply. Quantities of up to 20 pg/kg occur in some foods (for example, smoked products). They are present in ambient air mainly due to their release from motor vehicles, domestic coal or oil fired heating systems, and various industrial sources. They are also found in high concentration in some workplaces (for example, coke ovens, aluminium reduction plants, the steel industry, the asphalt industry, creosote impregnating plants, and gas and petroleum industries). About 500 PAHs have been detected in the air but in practice only a few are routinely measured. They are lipid soluble compounds and can be absorbed into the body by all the normal routes. Several PAHs (for example, dibenz(a,h)anthracene, benzo(ax)pyrene) are capable ofproducing tumours in numerous test species and PAHs can induce skin and lung cancer in humans. ' Jongeneelen et al ' have reported an increased urinary excretion of 1 -hydroxypyrene (hydroxy-pyrene), the hydroxylated metabolite of pyrene, in the urine of subjects exposed to mixtures of PAHs. As the proportion of pyrene in airborne mixtures of PAHs from different sources does not vary greatly, it has been suggested that the concentration of hydroxypyrene in urine might be used as a biological indicator of overall exposure to PAHs. This study reports on the relation between the urinary excretion of hydroxypyrene and the intensity of exposure to airborne PAHs in workers from a coke oven and a graphite electrode producing plant.
Materials and methods

STUDY POPULATION
The study was carried out in two plants, one producing coke and the other graphite electrodes for the steel industry, and involved 122 workers. Workers from the coke producing plant were divided into two groups: group Cl (n = 10) included workers on the bench side and group C2 (n = 6) those on the top side of the coke ovens (see 3 for a detailed description of the production process). The main steps in graphite electrode production are (1) grinding and mixing of raw materials (coke and hot coal tar pitch), (2) pressure moulding of the crude paste, (3) baking, (4) impregnation with liquid tar, (5) graphitisation, and (6) finishing. Workers from the graphite electrode plant were divided into six groups: group G1 (n = 10), workers engaged in the end product conditioning (polishing, thread grooving, rodding); group G2 (n = 25), workers in charge of the second (and last) thermal treatment of the electrodes at 2800°C; group G3 (n = 6), workers in charge of the Stein oven for the progressive (1°C/ hour) heating of the raw electrodes up to 800°C; group G4 (n = 17), maintenance and repair staff (mainly electricians and mechanics); group G5 (n = 14), workers engaged in the grinding and mixing at moderate temperature (150°C) of the raw components (coke and coal tar pitch) and performing the extrusion of electrodes; group G6 (n = 8), workers in charge of the electrode impregnation (dipping in liquid tar at 280°C to fill the pores resulting from the first thermal treatment). Warehousemen, clerks, drivers, and shop stewards of both plants were combined as one group (group LEX, n = 1 1). A group of office workers from the graphite electrode producing plant was selected as controls (group REF, n = 15).
Each worker provided a urine sample before and after the workshift during which the airborne concentration of PAHs was monitored with a personal sampling system. Also, 15 Exposure to polycylic aromatic hydrocarbons in a coke production and a graphite electrode nianufacturin2g plant Table 1 presents the percentage recovery of each compound when an aliquot of a standard PAH mixture was directly deposited on a glass fibre filter or in a tube containing Chromosorb 102. The detection limit for each compound was calculated on the basis of a signal equal to three times the background and an air sample volume equal to 0 5 m3. The recovery of PAHs with four and more aromatic rings from Chromosorb 102 is quite low but because in practice these compounds are almost completely retained on the glass fibre filter, the recovery of the technique was considered satisfactory. Even the volatile PAHs were significantly retained on the filter, probably due to their adsorption on particulate materials. For example, in both the coke and the graphite electrode producing plants, the amounts of naphthalene, fluorene, and phenanthrene found on the filter represented on average 34, 84, and 77% of the total amounts collected.
AIRBORNE CONCENTRATIONS OF PAHS
The workers were subdivided into various groups according to their main workplaces or activities (see materials and methods). Table 2 presents the mean total airborne PAH concentrations. The workers most exposed to PAHs were those occupied at the topside area of the coke oven plant (group C2) and Relation between the urinary excretion of hydroxypyrene and exposure to airborne PAHS For each worker a spot urine sample was collected before and after the workshift during which the concentration of PAHs in the breathing zone was measured. On an individual basis, the coefficient of correlation of the relation between concentration of hydroxypyrene in postshift urine samples and pyrene in air amounted to 0-67 (n = 122, p < 0-0001); it was not significantly greater (r = 0-69, n = 102, p < 0-001) when only the increase in hydroxypyrene concentration over the shift was taken into consideration and corrected for the residual elimination of hydroxypyrene resulting from previous exposures to PAH. The excretion of hydroxypyrene (end of shift concentration) was also significantly correlated with total concentration of PAHs in air samples (n = 122; r = 0 72, log hydroxypyrene (pg/g creatinine) = -0 1132 + 0A4055 log total PAHs (pg/m')). For each group of workers the geometric means of the pre and postshift urinary hydroxypyrene concentrations were calculated for smokers and non-smokers separately. Table 4 presents the data together with the corresponding mean pyrene concentrations in air during the workshift. On a group basis the relation (log scales) between exposure to pyrene and the excretion of its hydroxylated metabolite in urine was high but was not significantly different whether the excretion was expressed as the hydroxypyrene concentration in urine at the end of the workshift (n = 20; r = 0 74, p < 0-0001) or as the change in concentration over the shift (n = 20; r = 0-76, p < 0 0001).
The change in concentration of hydroxypyrene over the shift was statistically analysed by a two way analysis of variance involving job category, smoking habits, and a test for interaction. A statistically significant influence (p < 0 0001) ofjob category was found but no significant effect of smoking and interaction terms between both factors. A multivariate regression analysis (log scales) evaluating the increase over the shift of the urinary hydroxypyrene concentration as a function of pyrene in air, smoking habits (coded 0 or 1), and an interaction term between both was also performed on the individual workers or on the group data (table 5). Again the only variable significantly influencing hydroxypyrene excretion was concentration of pyrene in air.
Another attempt to assess the importance of smoking as a potentially confounding factor for excretion of hydroxypyrene was made using the concentration of thiocyanate in urine." Possible interference of occupational exposure to hydrogen cyanide was negligible because at most it involved 16 workers from the coke oven plant where low concentration of hydrogen cyanide were sometimes detec- *Correlation coefficient of the relation between the urinary hydroxypyrene concentration (expressed in % of the end of shift concentration; log scale) and the time interval since the end of work.
the urinary excretion of thiocyanate introduced as independent variables showed that a linear model fittedthefindings (logvalues;r2 = 0O47,p < 0 0001);
however, thiocyanate excretion only explained 2-3% of the variance in excretion of hydroxypyrene.
Discussion
High PAH concentrations were found in the air ofthe coke oven plant; at the topside, median and geometric mean values were 241 and 199 ig total PAHs/m3 respectively and they were one order of magnitude lower on the benchside (25 (median) and 14 (geometric mean) ug/m3). At both locations, however, the airborne concentrations of PAHs showed a great variation between workers (the geometric standard deviation of the measurements exceeded 4). Naphthalene, phenanthrene, perylene, fluoranthene, and fluorene were the most abundant PAHs in the air of the coke oven plant: they represented 34, 18, 13, 7 5, and 7% of the total amount respectively. Benzo(a)pyrene, the carcinogenic PAH representative, occurred at a concentration equal to 2% of the total amount of PAHs-that is, between 0-002 and 2 pg/m3 (geometric mean 0 04) on the benchside and between 0-8 and 31-8 yg/M3 (geometric mean 5 85) on the topside of the coke factory. Pyrene represented about 3% of the total amount of PAHs in the air of the coke oven plant; its concentration ranged between 0-01 and 2-86 (geometric mean 0-07) and between 1-53 and 88-3 pg/m3
(geometric mean 9-44) in the bench and topside areas respectively. In the graphite electrode producing plant, the air contamination by PAHs in the blending zone (group G5) and in the impregnation zone (group G6) was distinctly higher than in the other work zones; at these two locations the exposure conditions were similar to those found at the topside of coke ovens whereas in the other workplaces (groups GI to G4) concentrations of PAs were closer to those found at the benchside of the coke factory (table 2) . The most abundant PAHs were the same in the air of the graphite electrode producing plant as in that of the coke ovens. Benzo(x)pyrene and pyrene represented 3-5 and 6% of the total PAH amount respectively. were prepared and electrodes extruded and dipped in liquid tar (corresponding to groups G5 and G6 in our study) and the lowest (up to 1 pg/M3) during graphitation (group G2 in our study). Similar observations were made in Sweden by Lindstedt and Sollenberg'5; benzo(oc)pyrene concentration was below 0 1 pg/M3 in the graphitation area, below 1-3 pg/m3 near the baking oven (group G3 in our study), and below 40 pg/M3 in the impregnation area (group G6 in the present study). Pyrene has been detected in the air of all workplaces studied. Its relative abundance ranged from 2 to 8-5% of total PAHs. In spite of this low proportion, the concentration of pyrene was highly correlated with the total amount of PAHs in air (r = 0-83, p < 0 0001). Jongeneelen et al '3 for coke ovens and Tolos et al 6 for an aluminium plant reported similar high correlations (r = 0-88 and 0-82, respectively) confirming the validity of the choice of pyrene as a representative component of mixtures of PAHs. We found, moreover, that the sum of the concentrations of the carcinogenic PAH benzo(Q)pyrene, benz(o)anthracene, and dibenz(a,h) anthracene was highly correlated with the total concentration of PAHs in air (r = 0 9, p < 0-0001) and with that ofpyrene alone (r = 0 82, p < 0-0001).
As already mentioned, the amount of PAHs collected by personal samplers worn by different workers at the same workplace differed greatly, sometimes by several orders ofmagnitude, making a correct evaluation ofthe risk ofoverexposure difficult on the basis of air measurements. As suggested by Jongeneelen et al '3 the urinary metabolite of pyrene was measured and its concentration in spot samples of postshift urine was shown to be highly correlated with the atmospheric concentration of pyrene (r = 0-66, p < 0-0001) and with that of total PAHs (r = 0-72, p < 0-0001); the second correlation was slightly higher probably because the overall workplace contamination was more adequately evaluated by the measurement of 13 PAHs than by that of pyrene alone. Our results agree with those recently reported by Tolos et al 16; among 18 workers exposed to PAHs derived from coal tar pitch, they found a Spearman correlation coefficient of 0-61 between the change in concentration of urinary hydroxypyrene and environmental pyrene. The fact that Jongeneelen et al '3 did not find a good correlation between the end of shift concentration of hydroxypyrene in urine and pyrene in air among coke oven workers was probably due to the small number of subjects.
Among subjects sustaining a low exposure to PAH, smoking habits may cause a distinct increase in the excretion of hydroxypyrene in urine'3 but the difference in excretion between smokers and non-smokers disappears as the intensity of exposure to PAH increases. In the present study, the relative contribution of smoking to the variance of the hydroxypyrene excretion in urine was negligible by comparison with that of the exposure to PAHs. A similar lack of significant effect of smoking on the excretion of hydroxypyrene was also found by Tolos et al'6 in workers from a plant producing aluminium.
Conclusions
The present study confirms that the determination of hydroxypyrene concentrations in urine can be used as a suitable biomarker to assess individual exposure to PAHs in two different occupational settings. As the PAH exposure displays a high variability among workers at the same workplaces, the evaluation of health risk must ideally combine an environmental monitoring to detect emission sources and a biological monitoring (urinary excretion of hydroxypyrene) to take into account individual factors such as personal working habits, absorption routes (inhalation, skin contact, oral intake in smokers) and the use of personal protective equipment.
The half life for the urinary excretion of hydroxypyrene amounts to 18 hours indicating a possible accumulation of pyrene in the body during a work week. Therefore its measurement should preferably be performed in a urine sample collected at the end of the week. 
